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Targets

ABSTRACT

The goal of this project was to understand the initiation, growth, and propagation of cracks and damage in brittle protective systems induced
by impact. For this purpose, we have developed peridynamic models and used them to analyzed dynamic fracture in glass, multi-layered
glass/PC systems,Functionally Graded Materials (FGMs), polycrystalline AION, and fiber-reinforced composite (FRC) materials. For the
first time we were able to explain why dynamic cracks branch in brittle homogeneous and isotropic materials. We also uncovered the
dynamic mechanisms that are behind the development of various crack systems and fragmentation in the impact on multi-layers glass. We
have also discovered the factors that influence the crack path direction and speed in FGM and FRCs. For the first time, we were able to
replicate experimentally observed transition between fragmentation front and localized cracking in AION. The models developed under this
project represent a first step in developing the necessary knowledge for designing brittle protective systems with enhanced performance.
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Scientific Progress

Summary of most important results:
1. On the problem of impact damage on glass plates: Post-mortem experimental analysis of the number and types of glass
fragments, and their morphology, are well matched by the simulation results from the peridynamic model developed during this
project. The model is able to reproduce all of the experimentally observed types of cracks. Fractography on some boundary
cracks gives us partial information about the crack growth direction of these cracks. The peridynamic model explains the reason
behind this observed behavior. The peridynamic model is able to even capture the equivalent of some fine roughness
experimentally observed on the surface of the Hertzian-cone crack, near its end. This is for the first time that a computational
model is able to fully predict the complex origin and evolution of fracture and fragmentation in a glass plate from impact, to the
finest details.

2. On the dynamic failure of fiber-reinforced composites: The peridynamic model developed in this project is able to predict the
observed behavior of FRCs under dynamic loading, including intersonic crack propagation for asymmetrically loaded samples
and while using a minimal set of input parameters. The results demonstrate that plastic or viscoplastic effects, if present, are
second-order effect as a brittle failure type model is capable of reproducing the experimental results.

3. On dynamic crack branching: we have discovered the reasons for why dynamic cracks branch when the stress intensity is
higher than a certain threshold. This resulted in a landmark invited paper in the special issue in |JF dedicated to the 50th
Anniversary of International Journal of Fracture.

4. On the J-integral in peridynamics: We have shown that the peridynamic J-integral converges to the classical value, in the limit
of the nonlocal horizon going to zero. We have introduced practical steps to be taken in order to compute the peridynamic J-
integral. This is critical in our new peridynamic models for fatigue crack growth.

5. A Handbook of Peridynamic Modeling got published this year. Two contributed chapters in this book have been supported
directly by this project.

In conclusion, important progress has been made in understanding dynamic brittle fracture, especially dynamic fracture and
fragmentation caused by impact. We have demonstrated that it is now possible to predict such behavior and understand its
evolution to the finest details. These results are important in designing novel protective systems.

Technology Transfer

Interactions with DOD scientists: one paper published in collaboration with Dr. Chian-Fong Yen (ARL) and Dr. Jian Yu (ARL).
One paper submitted in collaboration with Dr. Chian-Fong Yen (ARL), Dr. Jian Yu (ARL), and Jared Wright (formerly of ARL,
now at NAVIAR). Collaboration with Dr. George Gazonas (ARL). Dr. Gazonas and Dr. Ray Wildman (ARL) are using algorithms
developed by us in modeling material failure at ARL. Dr. Gazonas and Wildman published a book chapter in the Handbook of
Peridynamic Modeling, edited by F. Bobaru, J.T. Foster, P. Geubelle, and S.A. Silling.





